Abstract-We propose and numerically demonstrate a novel technique for estimating the spectral content of the perturbation on a Fiber Bragg grating (FBG) sensor. The system utilizes an FBG array as a wavelength reference for time-stamping the wavelength shift of the sensor. This technique has demonstrated a good agreement between the actual and estimated spectrum. In addition to having the advantage of selecting the operational window of the sensor, it also gives an absolute measurement of the perturbation.
I. INTRODUCTION
T HE SMALL dimensions of a fiber Bragg grating (FBG) sensor provide unique capabilities for a nonobtrusive method of sensing various parameters in aerospace, civilian, military, and industrial scenarios. Of particular importance is its usefulness as an embedded sensor in composite structures. The self-referencing feature of the FBG makes it immune to intensity changes and electromagnetic noise. Various methods such as ratiometric approach, wavelength-division multiplexer, biconical fiber filters, Fabry-Pérot filters, acoustooptic filters, Bragg grating-based filters, Mach-Zehnder interferometer, wavelength-tunable fiber lasers, charged-coupled device spectrometers, and Fourier transform spectroscopy have been demonstrated [1] . A minimum variance shift technique [2] and a polarization-maintaining fiber loop mirror [3] have also been demonstrated for wavelength demodulation of an FBG sensor. A minimum intensity based detection for absolute strain measurement is described in [4] . Recently, an arrayed waveguide grating as wavelength interrogator has been demonstrated [5] .
In some applications, it is more desirable to know the frequencies involved in the perturbation on an FBG. Apart from absolute measurements of strain, load, temperature, vibration, or acceleration, a direct knowledge of their spectral content is highly advantageous for studying the structural stability and integrity at extreme conditions. FBG sensors used for analysis of perturbation events occuring in environments similar to ballistic testing and shock waves arising due to structural fracture under extreme conditions, require very high speed wavelength demodulation methods. Such events not only contain high frequencies but also occur in a very small span of time. Demodulation schemes employing active elements such as scanning Fabry-Pérot interfer- ometer cannot operate at speeds higher than a few kilohertz. At higher speeds, a self-referencing passive demodulation scheme requiring no scanning is an ideal choice. In this letter, we describe a wavelength shift time-stamping (WSTS) method for estimating the spectrum of perturbation. An FBG array as a wavelength reference creates the time stamps at instances where the sensor wavelength matches the wavelengths of the reference FBGs. Theory and simulated evaluations of this technique are described in the following sections.
II. THEORY
The proposed layout of the WSTS technique is shown in Fig. 1 . Here, the wavelengths of the reference arm FBGs and are chosen to satisfy the following relations:
where , and is the separation between the wavelengths. Condition (3) ensures that there is no overlap of the wavelengths in the absence of any disturbance. The strain and temperature sensitivity for a germania-doped silicon fiber ( ) are 1.22 pm and 13.7 pm C, respectively, for nm, where . Keeping this calibration as the reference, the relation (5) is satisfied for the WSTS technique, where is the change in the sensor wavelength due to perturbation. The condition for decides the resolution of measurement of strain and temperature through the relations [6] (6) (7) where is the effective stress-optic coefficient ( 0.2126), is the thermal expansion coefficient ( ), and is the thermooptic coefficient ( ), for the optical fiber. Substituting these constants in (6) and (7) for nm, the minimum strain and temperature change that can be measured by the WSTS technique are 81. 5 and 7 C, respectively. For , if the condition in (4) and the equality in (5) is satisfied, then for a compressive strain (or lower temperature), or for a tensile strain (or higher temperature). Consequently, the output of the photodetector DL1 or DU1 will go low, as a result of wavelength match. Similarly for , the outputs of photodetector DL2 or DU2 will go low when there is a match between and or , respectively. The output of the corresponding photodetector will go low when the perturbed matches , creating a time stamp. Fig. 2 shows the time stamps produced by a sinusoidal strain perturbation of frequency 1 kHz on the sensor FBG. In other words, the strain is sampled at the time instances where the wavelength matches or . The pulsewidth of the time stamps is given as (8)
III. SIMULATION
The WSTS technique is numerically evaluated for , nm, and nm. For this choice of and , the maximum and minimum strain that can be absolutely measured are 1639.344 and 409. 836 , respectively. Before the spectral contents of the photodetector outputs (DUn, DLn) are estimated, they are subjected to preprocessing using a D-flip flop (DFF) to generate signals (QUn, QLn). The output from each of the photodetectors (DUn, DLn) is conditioned to comply with transistor-transistor logic (TTL) levels and is given as the clock input of the DFF, where the output of the DFF is feedback to the input D, as shown in Fig. 3 . This simple circuit creates a digital signal (QUn, QLn) that is at TTL logic-1 as long as the perturbation satisfies condition (5), for a given . For example, QU3 will be at logic-1 as long as , for a tensile sinusoidal strain, as shown in Fig. 4 . It is evident from Fig. 4 that the fundamental frequency of the signal QU3 is same as that of the sinusoidal strain perturbation. Hence, a direct power spectral density (PSD) of QU3 reveals the spectral content of the perturbation on the sensor FBG. To test the PSD reproducibility of the WSTS technique, an arbitrary strain perturbation, as shown in Fig. 5 , is applied to the FBG sensor. 
IV. RESULTS AND DISCUSSION
It is observed that the PSDs of the signals QUn and QLn agree with the true PSD of the perturbation. It is also observed that the PSDs of QU1 and QL1 show the most agreeable spectral profile match, when compared to the PSDs of QU4 and QL4. This observation can be explained by comparing the total "information content," for example, in QU1 and QU4, by referring to Fig. 8 . Evidently, the perturbation on the FBG sensor is such that there are more instances of wavelength match between and , than between and . Knowing , , , and the temporal location of the time stamps (sample points) at the output of the photodetectors, the perturbation signal can be reconstructed by assembling the sample points and the amplitudes derived from .
V. CONCLUSION
A novel technique for estimating the spectral content of the perturbation on an FBG sensor has been proposed and its performance is numerically evaluated. The technique is based on collecting the samples of the perturbation across an FBG array used as filters. The samples are time stamped at the instances of wavelength match, and preprocessed before their spectral densities are extracted. Very good agreement between the actual PSD and the derived PSDs, is demonstrated. The proposed WSTS technique is completely a passive interrogation system for wavelength demodulation and spectrum estimation, ideal for very high speed applications.
